Abstract A particle-in-cell code is used to examine contributions of the pickup ions (PIs) and the solar wind ions (SWs) to the cross shock electric field at the supercritical, perpendicular shocks. The code treats the pickup ions self-consistently as a third component. Herein, two different runs with relative pickup ion density of 25% and 55% are presented in this paper. Present preliminary results show that: (1) in the low percentage (25%) pickup ion case, the shock front is nonstationary. During the evolution of this perpendicular shock, a nonstationary foot resulting from the reflected solar wind ions is formed in front of the old ramp, and its amplitude becomes larger and larger. At last, the nonstationary foot grows up into a new ramp and exceeds the old one. Such a nonstationary process can be formed periodically. When the new ramp begins to be formed in front of the old ramp, the Hall term mainly contributed by the solar wind ions becomes more and more important. The electric field E x is dominated by the Hall term when the new ramp exceeds the old one. Furthermore, an extended and stationary foot in pickup ion gyro-scale is located upstream of the nonstationary/self-reforming region within the shock front, and is always dominated by the Lorentz term contributed by the pickup ions; (2) in the high percentage (55%) pickup ion case, the amplitude of the stationary foot is increased as expected. One striking point is that the nonstationary region of the shock front evidenced by the self-reformation disappears. Instead, a stationary extended foot dominated by Lorentz term contributed by the pickup ions, and a stationary ramp dominated by Hall term contributed by the solar wind ions are clearly evidenced. The significance of the cross electric field on ion dynamics is also discussed.
Introduction
Collisionless shocks are of great interests in space physics, plasma physics and astrophysics since many theoretical, numerical and experimental studies have already evidenced that in the shock transition the bulk flow energy of plasmas is converted irreversibly into thermal energy (Sagdeev 1966; Lembège et al. 2004; Burgess et al. 2005) . During the conversion process, the interaction between the electromagnetic fields and particles replaces the role played by collisions in a normal hydrodynamics. In quasi-perpendicular shocks (θ Bn > 45
• , θ Bn is the angle between the upstream magnetic field and shock normal), the normal/cross shock electric field/potential plays an key role in both acceleration (Zank et al. 1996; Shapiro andÜçer 2003; Yang et al. 2009a ) and thermalization (Burgess et al. 1989; Lembège and Savoini 1992) of the incident particles. In-situ observations of the electric field at Earth's bow shock provide important and unique experimental data that can be used to understand the details of plasma thermalization and energetic particle production in more general circumstances. Walker et al. (2004) experimentally studied the structure of the electric field profile during a number of crossings of the quasi-perpendicular bow shock using data from the Cluster satellites. Their results showed that the amplitude of the cross shock electric field appears to increase as θ Bn approaching 90
• . Based on Cluster fourspacecraft observations, contributions to the electric field of the terrestrial bow shock are analyzed in detail by Eastwood et al. (2007) . They found that the Hall term in the generalized Ohm's law accounts for a majority of the normal electric field of supercritical, quasi-perpendicular shocks by two different methods: 1. the single-spacecraft technique in which the shock is assumed as one-dimensional (1-D) and stationary, and 2. the curlometer technique (Dunlop et al. 2002) which requires that the spacecraft are co-located in the shock ramp and the shock is stationary among the satellites.
Both particle-in-cell(PIC) and hybrid simulations have clearly evidenced that supercritical, quasiperpendicular shocks are nonstationary and suffer a selfreformation on the local gyro scale of the incident ions (Lembège and Dawson 1987; Nishimura et al. 2003; Scholer and Matsukiyo 2004; Hellinger et al. 2007 ; Lembège et al. 2009; Yang et al. 2011a; Shinohara et al. 2011) . Hada et al. (2003) analyzed the time evolution of the normal electric field and the fraction of reflected ions at the reforming shock front by using both PIC simulation and semi-numerical model. Their findings suggest that the reflected ions have a very coherent motion (narrow ring) as described by the so called trapping loop/vortex in the phase space (V x − X) at the beginning of the reflection. This coherent forces these ions to accumulate over a narrow spatial range at a foot length distance from the ramp; it results that ramp and foot are well separated. This accumulation is suitable for building up a peaked-like normal electric field which itself reflects at later times new incoming ions at the foot before these reach the ramp. The peak of electric field produces an enhancement of local magnetic field. At last, a new ramp (i.e. grown-up foot) is fully built up and substitute the old one. This process is periodic, and is named self-reformation. Nonstationary characteristic of the shock front is later confirmed by an individual case study of Cluster observation at the terrestrial bow shock (Lobzin et al. 2007 ). Mazelle et al. (2010) statistically confirms this robust characteristic. In addition, they found the magnetic field ramp of the shock often reaches a few c/ω pe , and the time variability of scales observed for the same upstream conditions is also a clear signature of the nonstationary shock front.
In recent study on collisionless magnetic reconnection. First, at the ion inertial length scale, ions and electrons are decoupled (Pritchett 2001; Lu et al. 2011) . The resulting Hall effect determines the reconnection electric field. Second, at the electron inertial scale, even the electrons are demagnetized, and the electric field is dominated by the off-diagonal electron pressure (Vasyliunas 1976; Pritchett 2001) . In order to understand the physics in different scales (e.g. the whole shock front is in ion inertial scale and the ramp is in electron inertial scale) of the shock front structures of a supercritical, perpendicular shock, Yang et al. (2009b) borrowed the same techniques which has been successfully applied to the research on collisionless magnetic reconnection. First, a PIC simulation including all of the behaviors of ions and electrons were performed. Nonstationary fields and corresponding particle dynamics were obtained self-consistently. Second, contributions of Lorentz, Hall and electron pressure terms to the cross shock electric field were calculated by using the self-consistent particle data issued from the PIC simulation. The main conclusions are the following: (1) the contributions of Lorentz, Hall and electron pressure terms to the cross shock electric field is evolving versus time. The electron pressure term within the shock front always contributes little; (2) when the new ramp begins to be formed in front of the old ramp, the Hall term becomes more and more important; (3) the electric field E x is dominated by the Hall term when the new ramp exceeds the old one. Nevertheless, the shock front topology of a nonstationary shock can be modified by the local pickup ions (PIs).
Pickup ions are extensively and directly observed in the solar wind upstream of the Earth's bow shock (at ∼1 AU) with the SULEICA instrument on aboard AMPTE/IRM (Möbius et al. 1985; Oka et al. 2002) , around the shock associated with the corotating interaction region (CIR) in the interplanetary space (at ∼4.5AU) with SWICS instrument onboard the Ulysses spacecraft (Gloeckler et al. 1994) , and in the upstream of the Halley comet bow shock with HERS instrument on the Giotto spacecraft (Neugebauer et al. 1989) . The production process and feature of the pickup ions in the solar wind have been studied quite well (Sagdeev et al. 1986; Lee and Ip 1987) . Neutral atoms and molecules, penetrating from the local interstellar medium or escaping from comets, are ionized by photoionization, electron impact or charge exchange with the solar wind. Under the influence of the solar wind magnetic field the ions compose a ring-beam distribution in velocity space. Then they are scattered by ambient and excited Alfvénic fluctuations to form a spherical shell distribution. Interstellar neutral hydrogen (H + ) has a much higher density than other interstellar neutrals; interstellar helium accounts for ∼ 10% of the interstellar gas and its ionization rate is ∼ 10% that of hydrogen (Möbius 1986 ). The percentage of pickup ions to the solar wind ions (SWs) at 50 AU is estimated to be 10% and increase linearly with distance from the sun (Vasyliunas 1976) . So the pickup H + is expected to be the dominant (i.e. number density of pickup protons is > 20% that of the solar wind protons) pickup species at the termination shock (TS) at about 70 ∼ 100 AU (Richardson et al. 2008; Wu et al. 2009 ). Early 1-D hybrid simulations Omidi and Winske 1987; Liewer et al. 1993) have revealed that an extended foot, which scales in reflection ion gyroradius, is seen on the supercritical shocks as a results of the reflected pickup ions. Matsukiyo and Scholer (2011) examined the effect of pickup ions on the heliospheric termination shock by using a 1-D PIC code. They found the pickup ions in the extended foot causes an electric field in the shock normal direction. This leads to a large increase of the shock potential barrier upstream of the magnetic field ramp. However, the impact of pickup ions on the self-reformation process and contributions to the cross shock electric field at nonstationary shocks has not been analyzed yet. This gave us the motivation for investigating the impact of PIs on the relative contributions of PIs and solar wind ions (SWs) respectively to the total normal electric field of the shock front.
This paper represents an extension of a previous work (Yang et al. 2009b ). Herein, we aim to address the following questions by using one-dimensional PIC simulation (the code treats the pickup ions self-consistently as a third component): (1) Which term (such as Hall term and Lorentz term) in the generalized Ohm's law accounts for a majority of the normal electric field of a supercritical, perpendicular shock in the presence of pickup ions? Does it vary versus time? (2) What is the contributions of pickup ions and solar wind ions to the terms mentioned above? (3) How is this impact according to different percentages of upstream pickup ions on this competition? (4) What are the consequences of high percentage of pickup ions on the nonstationarity of the shock front? This paper is organized as follows. In section 2, we briefly describe the numerical model used herein. Sections 3 and 4 present the simulation results at (a) low PIs percentage case, and (b) high PIs percentage case, respectively. The main conclusions will be summarized in section 5.
Simulation Conditions
We use a one-dimensional electromagnetic PIC code to simulate the evolving structure of a supercritical, collisionless, perpendicular shock. Simulations of nonstationary shocks have been performed, for example, by Yang et al. (2011b) , where the pickup ions (H + ) are treated as test particles. Herein, the shock is produced by the injection method as Burgess et al. 1989; Nishimura et al. 2003; Chapman et al. 2005) . In order to self-consistently reproduce the impacts of pickup ions, we simulate three species within our code: electrons, solar wind ions, and pickup ions. Particles are injected on the left-hand side of the simulation box with a inflow/upstream drift speed V inj , and are reflected at the other end. The distribution functions for the solar wind ions and electrons are Maxwellian. Pickup ions are injected on a thin sphere in velocity space centered at V inj with radius V shell as in earlier works ( The electron/ion temperature ratio T e /T i = 1.36 is chosen in order to investigate the particle acceleration at a reforming shock. The ambient magnetic field along the y direction is |B 0 | = 1. Low beta values β i = 0.125 and β e = 0.1 are chosen in order to investigate the particle acceleration at a reforming shock. Initially there are 200 particles of each species in a cell. The upstream plasma is quasi-neutrality, i.e. n e = n i , where n i = n SW s + n P Is = N SW s × SWs%+ N P Is × PIs%. n e , n i , n SW s and n P Is are densities of the electrons, the total ions, the solar wind ions and the pickup ions, respectively. N SW s , N P Is , SW s% and P Is% are the counts of each species of ions and their relatively weighted percentage in the PIC simulation. For these initial conditions, the plasma parameters are summarized in Table  1 for both electrons and SWs. The Larmor gyro radius in the table is calculated based on the thermal velocity.
Simulation Results
This section can be separated into two parts. In the first part, we show the contributions of solar wind ions and pickup ions to the cross shock electric fields at three typical shock profile issued from the low PIs% case. In this case, the percentage of the pickup ions is 25%, and the shock front is characterized by a self-reformation process with a cyclic period about 1.36Ω
ci (Ω ci is the upstream ion gyro-frequency). During this reformation, the instantaneous Mach number of the shock at different times can differ from the average value M A =5.29. In the second part, we do similar things for high PIs% case, in which the percentage of the pickup ions is set to 55%. In this case, the shock front nonstationarity is fully suppressed. In each part, the analysis is based on systematic comparison between the Hall term and Lorentz term (contributed by solar wind ions and/or pickup ions) in the generalized Ohm's law in order to clarify the answers to the questions addressed in this paper and mentioned in section 1.
Effect of Low Percentage Pickup Ions on the Cross Shock Electric Field (nonstationary case)
Firstly, let us analyze the impact of low percentage pickup ions on the cross shock electric filed at a nonstationary shock. The nonstationarity of the perpendicular shock can be demonstrated in figure 1, which shows the time evolution of the magnetic fieldB y from t =4.6 to 12Ω
−1
ci . The shock is propagating from the right to the left. At about t =4.6, the shock ramp ("old" ramp) is at about X =84.48c/Ω pi . Later at about t =5.2Ω −1 ci , the foot amplitude becomes larger and larger due to the accumulation of the reflected solar wind ions in the foot. Then a "new" shock ramp is formed. At about t =5.6Ω −1 ci , it exceeds the amplitude of the "old" ramp, and the "new" shock ramp is around X =81.89c/Ω pi . Simultaneously, the "old" shock ramp becomes weaker and weaker, and is located downstream of the "new" ramp. The shock front is characterized by a self-reformation with a cyclic period about 1.36Ω −1 ci . The self-reformation of the shock front is due to the coupling between the "incoming" and "reflected" ions, which has been demonstrated by Hada et al. (2003) at supercritical perpendicular shocks. We see that the solar wind ion dynamics proceed essentially as in the absence of the pickup ions, whereas the pickup ions form an stationary extended foot starting ∼ 4(c/Ω ci ) upstream. This phenomenon has already been demonstrated by a good deal of hybrid and PIC simulations Liewer et al. 1993; Lipatov and Zank 1999; Chapman et al. 2005 ; Lee et al. 2005; Matsukiyo et al. 2007; Wu et al. 2009; Matsukiyo and Scholer 2011) . In this subsection, we will clarify why the low percentage pickup ions can not suppress the self-reformation of the shock front by analyzing the cross shock electric field which play a key role in the reflection of incident ions.
Let's concentrated on the evolution of the electric field in this nonstationary perpendicular shock. Assuming a two-fluid model for the plasma, the electric field can be obtained directly from the electron momentum equation without further approximation
Here U e is the electron fluid velocity, B the magnetic field, P e the electron pressure tensor, m e the electron mass, and e the electric charge. If we use the total current density J = e(n i U i − n e U e ) (where U i is the ion fluid velocity) and considering the one-dimensional property of our simulation, the normalized Eq. (1) can be rewritten as
where
/n e are components of the electron kinetic temperature (Heinz et al. 2005) .ê x ,ê y , andê z are unit vectors. The first, second, third and fourth terms on the right of Eq. (2) are Lorentz term, Hall term, electron pressure gradients term and electron inertial term, respectively. All of the physical quantities on the right of Eq. (2) can be statistically obtained from the PIC simulation. We choose three typical shock profiles at three different times (marked by "A", "B" and "C" in figure 1 ) within one shock self-reformation cycle (from t =10.1Ω −1 ci to 11.4Ω
−1 ci ) and analyze separately the corresponding roles of Lorentz and Hall terms in the cross shock electric field E x . Herein, we concentrate on the competition of the solar wind ions and pickup ions for Lorentz and Hall terms during the shock front self-reformation. The electron pressure gradients term and electron inertial term are neglected because they do not play important roles in ion reflection and shock nonstationarity (Yang et al. 2009b) . Since the normalized bulk velocities of the total ions, SWs and
V SW s,k /n SW s and U P Is = NP Is k=1 V P Is,k /n P Is , respectively. The normalized current densities contributed by the total ions, SWs and PIs can be written as J = n i U i − n e U e , J SW s = n SW s U SW s − n SW s n i n e U e and J P Is = n P Is U P Is − n P Is n i n e U e , respectively. Eq. (2) becomes:
where the first and second terms on the right of Eq. (3) are contributions of SWs and PIs to the Lorentz term of E x , and the other two are contributions of SWs and PIs to the Hall term of E x . Figure 2a -2c shows the snapshots of CSP (cross shock potential), B y and E x (in black) at shock profile A (at t = 10.4Ω −1 ci ) of a reforming shock, respectively. At this time, the shock front can be divided into three regions: region I (highlighted in cyan) is the stationary foot dominated by the pickup ions, region II (highlighted in yellow) indicates the timevarying/nonstationary foot results from the accumulation of the reflected solar wind ions, region III (highlighted in magenta) is the nonstationary shock ramp. The position of the ramp "O" (denoted by vertical dashed) is at X =71.85c/ω pi . The width of the shock ramp is measured from the maximum point of the cross shock electric field −E x to the maximum point of the magnetic overshoot (Shimada and Hoshino 2005; Yang et al. 2011a) , is about 0.15c/ω pi =6.4c/ω pe . And the widths of foots in region I and II are about 4c/ω pi and 1.3c/ω pi , respectively. Figure 2a shows the phase space plots (V ix − X i ) of the solar wind ions. A fraction of the them are reflected at region III and accumulated at region II. Corresponding phase space plot of the pickup ions is not shown here, and it has already been analyzed in detail by Matsukiyo and Scholer (2011) . On this point, there is no longer to do more. Figure  2b shows the density profiles of the PIs (blue), the SWs (red) and the total ions (green). In region I, the contribution of PIs is about two-thirds of that of the SWs. The density profile of SWs in this region is flat and the density of PIs increases slightly. In region II, the density of SWs increases distinctly, and the density of PIs becomes flat. And in region III, the local density profile of SWs increases precipitously because most of the incident solar wind ions are reflected at the ramp, and the density profile of the PIs is still flat. In figure 2c , the contributions of the PIs, SWs and the total ions to the Hall term of the cross shock electric field E x (black curve) are indicated by blue, red and green curves, respectively. The main features are summarized as follows: 1. in region I, the amplitude of the total Hall term is close to zero. Because the contributions of PIs and SWs to the total Hall term (in green) are roughly equal and opposite to each other. 2. in region II, the Hall effect of the PIs (i.e. the term 1 ne (J P Is × B) x in Eq. (3), in blue) is almost zero, and the Hall term is dominated by SWs. 3. in region III, the Hall effect associated with the SWs is much larger than that of the PIs. The spatial form of the Hall term contributed by SWs (i.e. the term 1 ne (J SW s × B) x in Eq. (3), in red) apparently matches with that of E x . In figure  2d , the contributions of the PIs, the SWs and the total ions to the Lorentz term of the cross shock electric field E x (black curve) are color-coded severally as in figure 2c . The main features are as follows: 1. in region I, the effect of SWs on the total Lorentz term (in green) is very small. The PIs dominated the Lorentz term in this region. 2. in region II, the contributions of SWs (i.e. the term − nSW s ne (U SW s × B) x in Eq. (3), in red) is a bit smaller than that of PIs (i.e. the term − nP Is ne (U P Is × B) x in Eq. (3), in blue) to the total Lorentz term. 3. in region III (i.e. in the vicinity of the shock ramp), the contribution of PIs to the Lorentz term is almost zero.
In summary, the cross shock electric field E x in region I (i.e. at the stationary extended foot) is dominated by the Lorentz term, and is mainly contributed by PIs. In region II (i.e. at the time-varying solar wind ion foot, which will be clarified in the remainder of this subsection), the contributions of the Lorentz term and Hall term to the total E x are comparable to each other. And the profile E x in region III (i.e. at the steep ramp) is dominated by the Hall term, and is mainly contributed by SWs. Figure 3a -3c shows the snapshots of CSP (cross shock potential), B y and E x (in black) at shock profile B (at t = 10.9Ω −1 ci ) of a reforming shock, respectively. At this time, the whole shock front still can be divided into three regions as in figure 2. The amplitude of the old ramp "O" is decreased, and its width is about 0.13c/ω pi =5.6c/ω pe . It located at X =70.88c/ω pi . The extended foot caused by pickup ions in region I is stationary, and the nonstationary foot caused by solar wind ions in region II becomes broader. Their widths are about 4c/ω pi and 1.55c/ω pi , respectively. Now, the cross electric fieldẼ x still has a negative value at the shock old ramp ("O"). However, its amplitude is strongly decreased and the foot in region II grows into a new ramp ("N"). Figure 3a shows the phase space plots (V ix −X i ) of the solar wind ions. It clearly appears that the reflected ions have a very coherent motion (within regions II and III) as described by the well defined trapping loop (vortex). This vortex is a manifestation of shock front self-reformation [Hada et al., 2003] . At this time, the bulk velocity of the incident solar wind ions begin to decrease at the new ("N") ramp in region II instead the old one in region III. Figure 3b shows the density profiles of the PIs (blue), SWs (red) and the total ions (green), as in figure 2b . In region I, the total density profile gradually increases versus X due to the accumulation of the reflected pickup ions. More and more solar wind ions, which are reflected at the ramp in early time, are accumulated in region II. Thus a new ramp ("N") appears and its amplitude reaches at about 87.5% of the old ramp ("O"). The reflected solar wind ions feeds up the self-reformation of the shock front. And in region III, the density profile of the SWs is decreased. The local electromagnetic fields are weaker than that at profile A. The density profile of SWs in region II and III have a relationship of restricting each other. And the density profiles of PIs in region II and III are still flat as that in figure 2b . The main features shown in figure 3c are summarized as follows: 1. in region I, the amplitude of the total Hall term is close to zero, as in figure 2c. 2. in region II, the spatial form of the Hall term contributed by SWs (red) fine matches with that of the total Hall term. 3. in region III, the Hall term is still dominated by SWs, but its amplitude is decreased. The main features of figure 3d are summarized as follows: 1. in region I, the PIs still dominate the Lorentz term as in figure 2d. 2. in region II, the contributions of SWs to the Lorentz term is as much as that to the Hall term in figure 3c. 3. in region III, the contribution of PIs to the Lorentz term is almost zero.
In summary, the cross shock electric field E x in region I (i.e. at the stationary extended foot) is dominated by the Lorentz term as at profile A, and is mainly contributed by PIs. In region II (i.e. at the nonstationary solar wind ion foot), the Lorentz term and Hall term are comparable to each other, and both of them are increasing. The amplitudes of the total E x and the cross shock potential in region II have already exceed that in region III. Furthermore, Hall term in this region is dominated by SWs. In region III, the amplitude of E x is decreased a lot. Figure 4a -4c shows the snapshots of CSP (cross shock potential), B y and E x (in black) at shock profile C (at t = 11.3Ω −1 ci ) of a reforming shock, respectively. In contrast to figure 2 and 3, a striking point is that the whole shock front only can be divided into two regions because the amplitude of the new ramp ("N") have already fully overcome the old one at this time. The new ramp "N" in region III is strong enough to reflect the incoming upstream solar wind ions, and its width is about 0.16c/ω pi =6.9c/ω pe . It located at X =69.48c/ω pi . The extended foot in region I is still stationary, and its width is about 4c/ω pi . Different from the results shown in figure 3, figure 4c clearly evidence that there is no region II foot ahead of the steep ramp, and the Hall term dominated by SWs perfectly matches with the total cross shock electric field E x in region III. Figure 4d shows the Lorentz term dominated by PIs apparently matches with the E x in region I.
Effect of High Percentage Pickup Ions on the Cross Shock Electric Field (stationary case)
Secondly, let us analyze the impact of high percentage pickup ions on the cross shock electric filed at a supercritical perpendicular shock. In the current case, the percentage of the pickup ions is set to 55%, and the other parameters of the simulation are kept unchanged. In contrast to the above results (section 3.1), a stationary shock can be demonstrated in figure 5 . This stationary, supercritical shock is characterized by an overshoot, a ramp and broad foot in front of the ramp. Without loss of generality, we analyze the cross shock electric field E x at t =10.4Ω Figure 6a-6c shows the snapshots of CSP (cross shock potential), B y and E x (in black) at shock profile A ′ (at t = 10.4Ω
−1 ci ) of a reforming shock, respectively. At this shock profile, the whole shock front can be divided into two parts: region I and region III similar to that of shock profile C mentioned in section 3.1. The shock ramp is at X =66.58c/ω pi , and its width is about 0.19c/ω pi =8.2c/ω pe . Compare with the results described in section 3.1, the amplitudes of the overshoot and cross shock electric field at shock profile A ′ (i.e. at a stationary shock) is much lower than that measured at a reforming shock, e.g. at profiles A (Figure 2 ) and C (Figure 4) . Figure 6a shows the solar wind ions reflected at the shock ramp (marked by vertical dashed in region III) can not form a clear vortex which is used as a key evidence of shock front self-reformation [Hada et al., 2003] . Figure 6b shows the density profiles of the PIs (blue), SWs (red) and the total ions (green), as in figure 4b . In region I, the total density profile is increased, and its shape is mainly controlled by PIs. The density of SWs exceeds that of PIs in region III. Figure 6c and 6d shows the contributions of SWs and PIs to the Hall term and Lorentz term at the stationary shock (profile A ′ ) are analogous to that obtained at the self-reforming shock (e.g. profile C in figure 4 ). The only difference is that the amplitude of the cross shock electric field E x in region III is much lower, and the foot in region I is slightly higher.
In summary, high percentage PIs leads to a stationary shock (i.e. without self-reformation) even in low β i case. This point already has been pointed out by Matsukiyo and Scholer (2011) in which they claimed that a shock becomes stationary even with 30% PIs. The cross shock electric field E x in region I is still dominated by the Lorentz term contributed by PIs. In region III, E x is still dominated by the the Hall term contributed by SWs. These two points are the same as that obtained at the steep and narrow shock profile (e.g. profiles A or C) in low percentage PIs case (i.e. nonstationary case). Furthermore, low electromagnetic field within the shock front can not sustain the ion vortex in phase space. Thus the region II with feature of self-reformation disappears at this stationary shock.
Conclusions
In this paper, we used 1-D PIC simulations to study the contributions of the cross shock electric field in supercritical, perpendicular shocks in the presence of pickup ions. Firstly, we separate the electric field into several terms (such as Hall term and Lorentz term), and their importance is evaluated. Secondly, we compare the contributions of pickup ions and solar wind ions to each term above. Finally, we study the impact the percentage of pickup ions on the shock front nonstationarity. The analysis has evidenced the following features:
1. In low PIs% case, the supercritical shock is nonstationary. For the electric field E x , after the new shock ramp is formed, the Hall term becomes more and more important with the increase of the new ramp. After the new ramp exceeds the old ramp, its width is very small, which is comparable with or even smaller than the ion inertial length, and the Hall term dominates the electric field E x . At that time, the electric field E x is obviously larger that at other times. As pointed previously by Yang et al. (2009a) the shock surfing acceleration (SSA), where the particles are reflected mainly due to the electric field E x , ion Lorentz term become negligible at that time. The characteristics mentioned above is nearly the same as that obtained at the nonstationary perpendicular shock in the absence of pickup ions (Yang et al. 2009b) .
2. In low PIs% case, the extended foot caused by the reflected pickup ions also has been retrieved. E x in the extended, stationary foot region (so-called region I) is mainly contributed by the Lorentz term, which is always dominated by the pickup ions. In solar wind ion foot region (so-called region II), contributions of the pickup ions and solar wind ions are competing with each other in the Lorentz term of E x . Simultaneously, the Hall term is mainly contributed by the solar wind ions. And in the ramp and overshoot (so-called region III), E x is mainly contributed by the Hall term and is always dominated by the solar wind ions.
3. In high PIs% case, the amplitude of the extended foot is increased as expected. The striking point is that region II can not be found any more. The whole shock front becomes stationary. Because the amplitude of the overshoot and cross shock electric field is decreased and thus they are not strong enough to form the solar wind ion vortex in phase space at the ramp.
4. In high PIs% case, there are two remainder regions (I and III) within the shock front. E x in region I is dominated by the Lorentz term contributed by the pickup ions and E x in region III is dominated by the Hall term contributed by the solar wind ions, respectively.
Recently, although the real ion-to-electron mass ratio has been employed. A few other plasma parameters are demonstrated to have great influence on the structure of the supercritical, quasi-perpendicular shock. If a high ω pe /Ω ce ratio is used, a Buneman instability between reflected ions and the inflow electrons plays an important role in the foot electric field in electron inertial scale (Shimada and Hoshino 2000) , and on this scale the electron pressure term may become as important as the Lorentz term and Hall term analyzed in this paper. Simultaneously, two-dimensional PIC simulations found that a supercritical quasi-perpendicular shock may be emitted waves, such as oblique whistler waves and lower-hybrid waves within the shock front (Lembège et al. 2009 ), which may also change the structures of the shock. In addition, Alfvén waves (Lu et al. 2009 ) or upstream turbulence generated by summing many individual circularly polarized Alfvén waves (Giacalone and Decker 2010; Guo and Giacalone 2010) are always observed in the solar wind. Clear ripples can be identified at the front of the shock after the interaction of upstream turbulence structures with a shock. How they will affect the cross shock electric field/potential and the mechanisms of ion acceleration at perpendicular shocks is our future topic. (USW s × B)x (line 2), and their total (line 3). The cyan, yellow and magenta highlight the regions: stationary foot, nonstationary foot and the nonstationary ramp, respectively. indicates the shock profile that is chosen in the stack plots at the stationary shock with 55% pickup ions. (USW s × B)x (line 2), and their total (line 3). The cyan and magenta highlight the regions: stationary foot and the nonstationary ramp, respectively.
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